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The electrospinning process is greatly affected by the instability of Taylor cone,
an instable point can eject a jet, and multiple instable points can produce multi-
ple jets. A fractal-like multi-jet phenomenon was found in electrospinning process
with auxiliary electrodes, and main factors affecting the spinning process were
studied experimentally, which included solution viscosity, surface tension, and
conductivity. The fractal-like multi-jet is feasible to control the fiber morphology
and its output.
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Introduction

The electrospun nanofibers are generally between tens and hundreds of nanometers
in size, which have the characteristics of high specific surface area, good fiber continuity and
high porosity [1, 2]. The small fiber has high surface area, which produce a high geometric
potential (surface energy) [3-7], as a result many fascinating properties have been found, for
example, the lotus-like wetting property. As a high-tech and high value-added fiber material,
nanofibers are indispensable key materials in the fields of biomedicine, tissue engineering,
new energy and others [1, 2]. Their good properties have aroused great interest in the study of
nanotechnology, material science and thermal science as well. However, the output of tradi-
tional single-needle electrospinning technology is about 0.01-0.05 g/h, which greatly restricts
its development and industrial applications. In order to solve the problem, much effort has
been made, the focus was put on various needleless electrospinning technology [8-11], multi-
nozzle electrospinning technology [12], bubble electrospinning [13, 14], and macromolecular
electrospinning [15-17].

Recently auxiliary electrodes (AE) became a hot topic in nanotechnology [18, 19],
which can be used to exactly control the fiber’s orientation. In our previous publications [20,
21], an auxiliary-electrode electrospinning was successfully designed, which could produce
multiple jets. In this paper we will elucidate the mechanism of producing multiple jets from
an instable Taylor cone.
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Experimental section

Materials

Polyvinyl alcohol (PVVA) with an average molecular weight of 84000-89000 g/mol
(Taiwan Changchun Qil Chemical Co. Ltd.) was purchased. Deionized water was used as the
solvent, and all materials were used without further purification. The 8 wt.% PVA solution
was prepared for experiment.

Apparatus

A traditional electrospinning (single needle) set-up is shown in fig. 1, which consist-
ed of a 10 mL plastic syringe, a syringe pump (LSP02-1B, Baoding Longer Pump company,
Baoding, China) and a needle spinneret (stain-
less steel hollow needle, with the outside diam-
eter (OD) = 1.2 mm, the inner diameter
(ID) = 0.79 mm), which was electrically con-
nected to a positive polarity, high voltage power
supply (DW-P803-4ACF2, Tianjin Dongwen
Company, Tianjin, China), and a rectangle alu-
minum collector plate (30-40 cm in length and
0.02 cm thickness), which was connected to
ground potential. The collector plate was located
Whipping region a working distance, ho, from the needle tip, cen-
tered on and oriented orthogonally to the needle
long axis. Polymer solution was supplied
through the needle at a controlled feed rate using
the syringe pump. Figure 2(a) shows a schematic
representation of the multiple jets electrospin-
ning experimental apparatus. A grounded stain-
less steel needle (ID = 0.5 mm) was used as the
AE in this study, which was placed parallel to
the spinneret. Figure 2(b) shows the enlarged image of electrospinning zone. The working dis-
tance, ho, between the spinneret tip and the collector, was fixed at 15 cm. A solution feed rate
was 2 mL/h, the distance between the electrode tip and the spinneret tip (ESD) was 2 cm. These
parameters were fixed for all experiments, except where otherwise explicitly noted.
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Figure 1. A traditional electrospinning
apparatus

Result and discussion

Electrospinning and analysis

This paper focuses on a fractal-like electrospinning process. Liu et al. [22] first
found the lightning-like jets in the bubble electrospinning. The fractal theory was successfully
applied to controlling the shape of 2-D materials [23], and to designing optimally the spinner-
et [24], and now the fractal theory has become a useful mathematical tool to complex phe-
nomena [25, 26]. Traditional electrostatic spinning device schematic diagram was shown in
fig. 1. Its spinning process is as follows: a high voltage is applied at the end of the spinneret to
make the surface of solution charged and deformed, and then a Taylor cone is formed at the
end of the spinneret. When the applied voltage on the sprinkler exceeds a critical value, the
charge repulsion force on the surface of the droplet overcomes the surface tension, and the jet
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Figure 2. (a) Multiple jets electrospinning schematic with a grounded AE parallel to the spinneret,
(b) enlarged image of electrospinning zone

is stretched by the electric field force in the high voltage electrostatic field. The molecule
chains with enough entanglement are oriented along the axial direction of the jet and can bal-
ance the stretch of the electric field force. To maintain the continuity of the jet flow, nano-
fibers are solidified on the receiving plate as the solvent evaporates.

Figure 2(a) is a schematic diagram of the cusp AE electrospinning device. By apply-
ing the cusp AE into the spinning region and placing them parallel to the spinneret, multiple
jets can be generated on a single spinneret. The spinning process is divided into two parts.

The first part is the region between the AE and the spinneret. When the distance be-
tween spinneret and AE (needle auxiliary distance) h; approaches 0, the electric field intensity
near spinneret tends to be infinite, and the charged quantity of dielectrics tends to be infinite,
leading to dielectrics being broken down and unable to spin. When h; approaches to an ho (see
figs. 1 and 2), the area between the AE and spinneret is similar to another traditional electro-
spinning area. The AE becomes another receiving plate, and the jet flows toward the AE and
the receiving plate. When h; approaches to infinity, the influence of AE on the spinning re-
gion is neglected. The spatial position of the AE has an important influence on the formation
of multiple jets and the preparation of nanofibers.

Because the AE are grounded, the generated electrical potential is zero, and the po-
tential of the receiving plate also generates complex equipotential lines in the zero-spinning
region, as shown in fig. 2(b). After the jet is produced, it begins to accelerate to the receiving
plate. When the high-speed jet moves along an equipotential line, the acceleration is zero, and
the jet splits freely, forming splitting jets. At this time, any small disturbance will cause the
instability of the vibration of the moving jet [27, 28], non-linear oscillation models can be
solved by Taylor series method [29], the variational method [30-33], and He’s frequency for-
mulation [34, 35] to reveal the frequency-amplitude relation as discussed in [36-46]. In this
paper, the region of jet bifurcation is called as the zero accelerated region. After the jet bifur-
cation, if the solvent does not evaporate completely, the jet continues to move along the direc-
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tion of electric field force until the next equipotential line, the jet may be bifurcated again,
which is beneficial to the further refinement of the fiber.

As shown in fig. 2(a), the spinning distance of traditional electrospinning is ho, and
the relationship between electric field strength Eo and voltage Vo can be approximately ex-
pressed:

V0

E = h_ 1)
o

As shown in fig. 2, the distance between the AE and the spinneret is hs, and the rela-
tionship between electric field strength E; and voltage Vi can be approximately expressed:

Y
hy

In electrospinning, when the applied voltage exceeds the critical voltage, the charge
repulsion force overcomes the surface tension and the jet is generated from the surface of
Taylor cone. When the electric field intensity of the two spinning devices is equal, from egs.
(1) and (2), it shows that:

E (2)

Yo i
Ry Iy

Because the distance h; between AE and spinneret is much less than spinning dis-
tance, the critical voltage V1 of jet generated by AE electrospinning is less than Vo, which can
make it spin at lower voltage.

In order to explore the mechanism of fractal multi-jet produced by AE electrospin-
ning and achieve the purpose of regulating the jet number. During the electrospinning process,
the polymer solution was charged and deformed under high electric field. When the applied
voltage reached the threshold value, a jet ejected from the Taylor cone. As shown in fig. 3(a),
no jet formed when the applied voltage was lower than 5.12 kV for PVA-water solution.
When the applied voltage was over such threshold voltage, the primary jet generally appeared
first from the Taylor cone, followed by the jet fraction. As the voltage increased, 2 and 5 jets
were produced 5.68 and 6.5 kV, figs. 3(b) and 3(c). Then, when the voltage increased at 10.21
and 11.05 kV, jet number reduced to 2 and 1. Bifurcation was found in different jet images.
Such a phenomenon may be attributed to the different electric field distribution around the
spinneret of electrospinning via AE.

3)

Conclusion

The critical voltage of jet generated by electrospinning with cusp AE is less than that
of traditional electrospinning, which is expected to be used in spinning experiments at lower
voltage. The introduction of AE can produce complex equipotential lines in the spinning re-
gion. Jet with high initial velocity reaches the equipotential line in a short time, and when the
acceleration tends to zero, the jet splits freely to form bifurcated jets. A mathematical model
can be established to study the multiple jet system by the two-scale thermodynamics [47-49],
when we watch the spinning process in a smaller spatiotemporal, a much precious hierarchical
structure of the spinning jet can be detected.
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Figure 3. Schematic diagram of the formation of the Double-Switching Voltage; at relatively low
applied voltage single jet is formed at the tip of the Taylor cone, as the applied voltage is increased the
jet number increasing; increasing the applied voltage further results in decreasing of jet number
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